Abstract. Mitochondrial electron transport chain is thought to be a major source of reactive oxygen species (ROS) during aging. However, this view is supported mainly by accumulation of mitochondrial oxidative damage with age and the exact sites of ROS formation remains unknown. In the present study, we measured rate of ROS formation using 2' ,7'-dichlorofluorescein (DCF) probe in cardiac mitochondria from adult (6-month-old), old (15-month-old) and senescent (26-month-old) rats. In mitochondria oxidizing complex II substrate, succinate, the rate of ROS formation progressively increased with age. In the presence of complex I inhibitor rotenone or complex III inhibitor antimycin A, the rate ROS formation significantly decreased, but even the combination of inhibitors could not fully prevent generation of ROS. Age-dependent increase of ROS formation was accompanied by a loss of thiol groups, tryptophan degradation and increased lipid peroxidation. These data suggest that in addition to complex I and complex II other mitochondrial sites can contribute to accelerated ROS generation and oxidative damage during aging.
Introduction
Aging of the heart is characterized by progressive alterations in structure and physiological function. Although the mechanisms underlying cardiac alterations are not fully understood, mitochondrial dysfunction is believed to play a key role in the aging process (Dai et al. 2012 ). According to mitochondrial oxidative stress theory of aging, reactive oxygen species (ROS) produced as by-products of mitochondrial bioenergetics accumulate with age and cause cellular oxidative damage resulting in tissue and organ dysfunction. It is generally accepted that mitochondria as a primary site of ROS production are also the major target of their damaging effects. Age-associated mutations of mitochondrial DNA and altered transcription of genes coding for proteins involved in oxidative phosphorylation were demonstrated in rat heart (Wanagat et al. 2002; Preston et al. 2008) . Furthermore, deterioration of function of mitochondrial proteins with age as a consequence of posttranslational oxidative modification was demonstrated in several studies (Choksi and Papaconstantinou 2008; Preston et al. 2008 ) and also in our laboratory (Tatarková et al. 2011) . Protein modification in aged heart can also result from accumulation of products of lipid peroxidation (LPO). Reactive aldehydes, such as 4-hydroxynonenal and malondialdehyde, were shown to increase with age and to modify several proteins (Tatarková et al. 2011 ). In addition, LPO of cardiolipin, a phospholipid which occurs almost exclusively in mitochondrial membrane, decreases the activity of electron transport chain (ETC) complexes (Petrosillo et al. 2009 ). Decrease in activity ETC complexes with age has been reported in the number of studies (Tatarkova et al. 2011; Gómez and Hagen 2012; Hunter et al. 2012) . Since ETC is known to be the major cellular source of ROS, oxidative damage of its complexes can further increase the leakage of ROS resulting in elevated oxidative stress. In contrast to ROS-induced oxidative damage, direct measurement of generation of short-lived ROS is difficult. Superoxide anion radical (O 2 · -), hydrogen peroxide or other reactive species were detected mainly by utilizing redox-sensitive fluorescent probes. However, these studies did not consistently support the age-dependent increase in ROS production (see Barja 1999; Gómez and Hagen 2012) . While some studies have shown increased formation of ROS during aging (Sohal et al. 1994; Bejma et al. 2000; Moghaddas et al. 2003; Petrosilo et al. 2009 ) other suggests that ROS production is unchanged (Hansford et al. 1997) . One of these studies attempted to identify ETC complexes involved in the release of O 2 · -. The results suggest greater leak of ROS from complex III (Moghaddas et al. 2003) . Sites of ROS formation in ETC have been investigated in many studies not related to aging. The results showed that complex III can produce O 2 · -, but to a much lower extend then complex I (see Barja 1999; Murphy 2009 ). Complex I produces O 2 · -by two mechanisms, at high NADH/NAD + ratio when flavin mononucleotide (FMN) site on complex I is reduced and by reverse electron transport (RET) due to high membrane potential and reduced coenzyme Q. It has been suggested that complex I is the major site of superoxide production in mitochondria (Murphy 2009 ).
Therefore, purpose of the present study was to determine the effect of aging on ROS formation in cardiac mitochondria and to evaluate the potential roles of ETC complexes in this process. Using redox-sensitive fluorescent probe dichlorodihydrofluorescein (DCF H 2 ) and inhibitors of ETC complexes I and III we compared ROS production in mitochondria prepared from hearts of 6-, 15-and 26-monthold rats. Our results indicate that ROS formation increases during aging and may cause damage to mitochondrial lipids and proteins.
Materials and Methods

Animals
Fifteen male Wistar rats (supplied by Institute of Experimental Pharmacology, Slovak Academy of Sciences, Dobra Voda, Slovak Republic) were divided into three groups (5 rats per group) according to age, as adult (6-month-old), old (15-month-old) and senescent (26-month-old). The animals were maintained in an air-conditioned room as described previously (Kaplan et al. 2007) . Experiments were performed in accordance with the "Guide for the Care and Use of Laboratory Animals" published by The US National Institute of Health (NIH publication NO 85-23, revised 1996) , and the ethical guidelines of the Jessenius Faculty of Medicine.
Preparation of tissue homogenates and mitochondria
The animals were decapitated after anesthetization by halothane (3% halothane in oxygen/nitrous oxide, 1:2). After cannulation of the aorta, the hearts were immediately washed with physiological solution and stored at -80ºC until used. Frozen powdered tissue of the whole heart (about 1 g) was thawed in 10 volumes of ice-cold homogenization buffer (30 mM KH 2 PO 4 , 5 mM EDTA, 0.3 M sucrose, pH 7.0) with 0.3 mM phenylmethylsulfonyl fluoride (PMSF) and homogenized in Potter-Elvehjem homogenizer. Cardiac mitochondrial fraction was isolated from individual tissue homogenates by differential centrifugation as previously described (Babusikova et al. 2004 ).
Measurement of mitochondrial ROS production
The mitochondrial ROS production in stage 4 respiration was measured by a fluorimetric method using the probe 2' ,7'-dichlorofluorescein (DCF). The measurements were performed in solution containing 5 µg/ml mitochondrial proteins, 0.1 mol/l KH 2 PO 4 and 5 µmol/l DCFH 2 -DA using 2 mmol/l succinate as a substrate. The reaction was started by the addition of mitochondria in the presence and the abscence of complex I inhibitor rotenone (10 µmol/l) or complex III inhibitor antimycin A (5 µmol/l). Probe was added in form of membrane permeable dichlorodihydrofluorescein diacetate (DCFH 2 -DA). Rate of ROS production was estimated from the rate of oxidation of deacetylated DCFH 2 to DCF following the slope of fluorescence increase at 520 nm (10 nm slit width) excited at 485 nm (5 nm slit width). The concentrations of DCF formed in mitochondria were determined from standard curve using known concentrations of DCF.
Measurement of thiol group content
Content of thiol groups in cardiac mitochondria (aliquots of 0.15 mg proteins) was determined spectrophotometrically using DTNB (5,5'-dithiobis[2-nitrobenzoic acid]) as described previously (Tatarková et al. 2011) . Samples were incubated in medium containing 30 mM imidazole (pH 7.4), 5 mM EDTA, 0.4 mM DTNB. The thiol group content was calculated from absorbances at 412 nm using molar absorption coefficient ε = 13,600 M -1 cm -1 .
Measurement of tryptophan degradation
The steady-state fluorescence measurements were performed in solutions containing 50 μg of mitochondrial protein/ml, 10 mM HEPES (pH 7.0), 100 mM KCl at 25ºC on PerkinElmer LS-55 spectrofluorimeter. The fluorescence emission spectra (between 310-450 nm, 5 nm slit width) of tryptophan were measured by excitation at 295 nm (5 nm slit width).
Measurement of lipid peroxidation
Lipid peroxidation in cardiac mitochondria was measured according to the formation thiobarbituric acid reactive substances (TBARS) as described previously (Tatarkova et al. 2012) . The concentration of TBARS was calculated according to the absorbance measured at 535 nm using the molar extinction coefficient of malondialdehyde (1.56 × 10 5 mol/l/cm).
Statistical analysis
Data are expressed as mean ± SEM. One-way analysis of variance with post-hoc comparisons by Student-Neuman-Keuls test was carried out to test for differences among groups (GrafPhad software). A value of p < 0.05 was considered to be statistically significant.
Results
The age-dependent changes of body weight, heart weight and heart-to-body weight ratios are shown in Table 1 . Both, body weight and heart weight of old and senescent rats were significantly greater than those of adult rats. However, heart-to-body weight ratio, which is an indicator of cardiac hypertrophy, was unaltered. To calculate the rate of DCF formation, the slope difference after addition of mitochondria was used. Values are given as means ± SEM (n = 5). * p < 0.05, significantly different when compared to 6-month-old rats. There were no significant differences between 15-and 26-month-old rats. DCF, dichlorofluorescein. Isolated mitochondria were supplemented with 2 mmol/l succinate, the inhibitor of complex I (10 μmol/l rotenone) and the inhibitor of complex III (5 μmol/l antimycin A ) were used alone or in combination. The data were normalized in respect to the ROS formation in the same age group in the absence of inhibitors (black bars). Values are given as means ± SEM (n = 5). * p < 0.05, ** p < 0.01, *** p < 0.001, significantly different when compared to the same age group without inhibitors; # p < 0.05, significantly different from corresponding value in 6-month-old rats. There were no significant differences between 15-and 26-month-old rats. DCF, dichlorofluorescein.
To evaluate the role of aging in mitochondrial formation of ROS, we measured rate of conversion of DCFH 2 to fluorescent DCF in cardiac mitochondria isolated from adult (6-month-old), old (15-month-old) and senescent (26-month-old) rats. As shown in Fig. 1 , the rate of ROS formation induced by succinate progressively increased with age, in old and senescent rat hearts the rate increased by 16.9 ± 4.1% (p < 0.01) and 20.9 ± 3.4% (p < 0.01), respectively. The role of RET in the formation of ROS was evaluated by using the complex I inhibitor rotenone. As illustrated in Fig. 2 , treatment of mitochondria with rotenone significantly reduced the rate of ROS formation in all age groups, but there were no significant differences in the rate decrease among the groups. In adult, old and senescent rats the DCF fluorescence rate decreased by 37.8 ± 8.0 (p < 0.01), 31.3 ± 7.5 (p < 0.05) and 27.9 ± 2.5% (p < 0.05), respectively. The rate of ROS formation was also studied in the presence of complex III inhibitor antimycin A . Treatment of mitochondria with this inhibitor also significantly reduced ROS formation, but the decrease was age-dependent (Fig. 2) . In mitochondria of adult rats DCF fluorescence decreased by 35.7 ± 10.9% (p < 0.01), whereas in old and senescent rats by 64.5 ± 8.4% (p < 0.001) and 67.3 ± 9.3% (p < 0.001), respectively. In old and senescent rats the rotenone-induced decreases differ significantly from the corresponding value in adult rats (p < 0.05), but differences between these two groups were not significant. When mitochondria were treated with combination of rotenone and antimycin A the DCF formation decreased to a higher extent, but significant ROS formation could be still detected. In adult, old and senescent rats, the residual ROS formation was 19.4 ± 7.1% (p < 0.001), 12.5 ± 9.8% (p < 0.001) and 9.6 ± 2.9% (p < 0.001) of the rate in the absence of inhibitors.
To evaluate whether increased ROS production is associated with accumulation of mitochondrial protein damage, we measured total thiol group content and tryptophan degradation. As shown in Fig. 3A , thiol group content decreased in old rats by 8.8 ± 1.8 % (p < 0.01) and in senescent rats by 14.8 ± 0.6 % (p < 0.001). Aging resulted in significant degradation of tryptophan (Fig. 3B ), compared to adult rats, the fluorescence intensity of tryptophan in proteins decreased in old rats by 32.5 ± 4.7 % (p < 0.001) and in senescent rats by 42.2 ± 4.3 % (p < 0.001). Aging was also associated with gradual accumulation of lipid peroxidation products, as detected by TBARS content. In old rats the TBARS level increased by 29.9 ± 11.1 % (p < 0.05) and in senescent rats by 45.3 ± 5.5 % (p < 0.01) when compared to adult rats (Fig. 4) .
Discussion
In this study we have investigated the effect of aging on mitochondrial production of ROS and oxidative damage. The results show that succinate-stimulated ROS formation gradually increased during aging. Both, complex I and complex III inhibitors rotenone and antimycin A as well as their combination inhibited ROS formation significantly but not completely. In accordance with ROS formation, lipid and protein oxidative damage accumulated progressively with age.
Several studies have also shown increased mitochondrial ROS generation during aging but in most of them the potential ROS-generating sites were not tested (Sohal et al. Effect of aging on oxidation of proteins in rat cardiac mitochondria. Protein oxidation was measured in isolated mitochondria by monitoring the loss of thiol groups using DTNB assay (A) and by measuring decrease of fluorescence emission spectra between 310-450 nm corresponding to tryptophan (B). Values are given means ± SEM (n = 5). ** p < 0.01, *** p < 0.001, significantly different when compared to 6-month-old rats; ## p < 0.01, significantly different when compared to 15-month-old rats. * p <0.05, ** p <0.01, significantly different when compared to 6-month-old rats. There were no significant differences between 15-and 26-month-old rats. Bejma et al. 2000; Moghaddas et al. 2003; Petrosilo et al. 2009 ). Our results are in agreement with studies on rat hearts, which showed higher ROS production in 24-25-month-old rats than in 4-8-month-old ones (Bejma et al. 2000; Moghaddas et al. 2003; Petrosilo et al. 2009 ). Our study shows that significant increase in ROS formation occurs already in 15-month-old rats. In addition, present study shows that oxidative damage, LPO and tryptophan degradation also accumulates progressively with age.
Using myxothiazol, an inhibitor of ubiquinol-binding site (Q o ) of cytochrome b in complex III, Moghaddas et al. (2003) have shown increased ROS leak from complex III of interfibrillar mitochondria of aged rat hearts. Studies focused on mechanism of mitochondrial ROS generation, but not in relation to aging, have shown that sites of ROS leak in ETC are localized not only in complex III but also in complex I (Fato et al. 2009; Tahara et al. 2009 ). There are two potential mechanisms by which complex I may generate ROS (for review, see Murphy 2009 ). In the presence of NAD + -linked substrates like glutamate, malate or pyruvate the ROS release occur during forward electron transfer possibly from the reduced FMN center. At succinate-supported respiration the ROS generation is due to RET from succinate dehydrogenase to complex I, since this path is blocked by rotenone. Although the exact site of ROS formation in complex I during RET remains unclear, RET is thought to be an important source of ROS in some tissues at physiological as well as pathological conditions (Murphy 2009 ). Complete or marked inhibition of succinate-supported ROS formation by rotenone was observed in brain and heart but not in the liver or skeletal muscle (Votyakova and Reynolds 2001; Liu et al. 2002; Tahara et al. 2009 ). In agreement with these studies, our data indicate that complex I inhibitor rotenone significantly attenuates succinate-supported ROS formation in rat heart. However, the inhibitory effect of rotenone was independent on age. These results suggest that although RET contributes to generation of ROS in cardiac mitochondria at different ages, it is not responsible for their increased formation in senescence. In contrast to rotenone, the inhibitory effect of antimycin A or combination of antimycin A with rotenone increased with age, indicating that antimycin A-sensitive path may play a role in age-dependent accumulation of ROS. Our results are in agreement with number of studies, which also showed blockage of succinate-supported ROS formation by antimycin A (Votyakova and Reynolds 2001; Kudin et al. 2005; Tahara et al. 2009 ), but are in opposite to those showing its stimulatory effect (Raha et al. 2000; Starkov and Fiskum 2001; Liu et al. 2002) . Several factors may account for these conflicting results, including differences in tissues/organs, integrity of mitochondria, membrane potential, oxygen tension or concentrations of inhibitors. Moreover, Hansdorf and coworkers (1997) have shown that depending on the presence of Mn 2+ ions, antimycin A can either stimulate or inhibit succinate-supported ROS formation. While stimulatory effect of antimycin A on superoxide production can be explained by accumulation of ubisemiquinone radical in complex III (Raha et al. 2000) , specification of its inhibitory effect is less clear, but it indicates leak of ROS from complex I (Kudin et al. 2004) . Interestingly, when we apply combination of rotenone and antimycin A, the ROS formation was not completely inhibited. This remaining ROS formation cannot be caused by complex I but is likely due to a leak of ROS from complex III (Votyakova and Reynolds 2001) . Thus, these results suggest that both, complex I and III participate in mitochondrial ROS formation, but RET mechanism does not contribute to age-dependent increase. Increased rate of ROS production during aging may be related to altered function of ETC complexes (Gómez and Hagen 2012) . Recently, using the same experimental model we have shown age-related loss in activities of ETC complexes (Tatarkova et al. 2011) . However, in addition to succinate-stimulated ROS production, tested in the present study, other mitochondrial sites may contribute to ROS leak. In addition to NADH supported respiration which induces ROS leak from complex I by forward mechanism, many other mitochondrial enzymes can produce superoxide radical, including 2-oxoglutarate dehydrogenase and pyruvate dehydrogenase (see Murphy 2009 ).
In conclusion, our data indicate that various mitochondrial sites can contribute to accelerated ROS generation during aging, including complex I and complex III of ETC. Further studies are needed to localize ROS-producing sites and to identify mechanisms of ROS formation.
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